Introduction
Wildfire can substantially enhance the hydrological and erosional response of forest areas with sometimes serious consequences for the environment, infrastructure, and population, such as flooding, debris flows, and the contamination of rivers and reservoirs [1] . This response is typically triggered by an enhancement of soil water repellency together with a reduction in soil aggregate stability and a decrease in ground cover [1] .
Post-fire hillslope stabilization treatments are aimed at counteracting fire-induced impacts on these key hillslope and soil properties [2] . The reduction in protective ground cover by the combustion of the forest canopy and the forest floor is considered the main factor responsible for enhanced erosion events in the post-fire period [3] . To address this, several post-fire hillslope stabilization treatments have recently been developed, including wood-based and agricultural straw mulches. Wood-based mulches (chips, shreds, or strands) show advantages when compared to straw mulches such as: (i) higher density, therefore reducing their redistribution by wind; (ii) free of weed seeds, and; (iii) lower Candelaria is located between 1400 and 1700 m a.s.l. with vegetation comprising a dense Canary Island pine forest stand (Pinus canariensis). Soils are loam Haplustands and Vitrandic haplustepts developed over 0.7-0.01 million-year-old basaltic pyroclasts and lava flows [16] . Mean annual temperature at the nearest climate station (Gaitero: 28°23′41″ N, 16°26′00″ W; 1747 m a.s.l.) is 12.1 °C, ranging from 6.8 °C in February and 20.0 °C in August. Mean annual precipitation is 737 mm, varying between 147 mm in dry years and 1527 mm in wet years. On 31 of July 2015 a surface fire affected a relatively small area (5 ha). It consumed or charred the litter and duff, but only scorched the pine canopies and areas where litter and duff were charred, but still recognizable, prevailed. The soil was not strongly affected by the fire and soil burn severity was classified as low-moderate [17] . Ground cover by scorched pine needles increased rapidly from <10% 2 weeks after the fire to >90% 2 months after the fire.
Vilaflor is located between 2025 and 2225 m a.s.l. with vegetation comprising a dense plantation of Canary Island pine (Pinus canariensis). Soils are loam Dystroxerepts and Xerorthents developed over 1.6-0.7 million-year-old phonolitic lava flows [16] . Mean annual temperature at the nearest climate station (Los Topos: 28°10′18″ N, 16°39′05″ W, 1831 m a.s.l.) is 13.9 °C, ranging from 8.9 °C in February and 21.9 °C in August. Mean annual precipitation is 297 mm, varying between 51 mm in dry years and 517 mm in wet years. On 10 of June 2015 a wildfire affected a 25-ha area, charring or consuming the forest floor and tree canopies. Fuel consumption was greater here compared to Candelaria, but areas where litter and duff were charred but still recognizable also prevailed, and soil burn severity was classified as low-moderate [17] . Ground cover by pine needles was generally <5% several months after the fire.
Experimental Design
Field measurements were carried out in December 2015, 4 and 6 months after the fire of Candelaria and Vilaflor, respectively. In the interim, a litter of pine needles from the scorched canopy formed at Candelaria. On the 22 October 2015, a torrential storm with total rainfall depth of 116 mm and peak 10-min intensity of 27 mm h −1 at Candelaria and 82 mm and 18 mm h −1 at Vilaflor occurred. The resulting runoff removed some of the protective ash layer and eroded some topsoil at both sites. This left the soil surface particularly vulnerable to runoff and erosion, providing an ideal window of opportunity to test the effectiveness of hillslope stabilization treatments.
Three different treatments were tested. Wood shred mulch from forest thinning operations was tested both at Candelaria and Vilaflor. The mulch was applied at a rate of 14 Mg ha −1 (~0.2-1 cm depth), but unlike in previous studies [4, 5] fine fibers (<2.5 cm) were not removed to test the performance of the mulch when pre-processed in the most cost-effective way. The natural formation of pine needle mulch allowed this material to be tested at Candelaria. An average cover of 4 Mg ha −1 (~3-4 cm depth) had accumulated here, with the litter showing some degree of physical breakdown, decomposition, and interlocking at the time of the rainfall simulations (4 months after the fire). Anionic PAM (Superfloc A-110 Flocculent, manufactured by Kemira Water Solutions BV, The Netherlands) was tested for its performance at Vilaflor. This site was ideal for this purpose as it exhibited extremely water-repellent soil conditions. This PAM was applied manually as granules at a rate of 50 kg ha −1 . Candelaria is located between 1400 and 1700 m a.s.l. with vegetation comprising a dense Canary Island pine forest stand (Pinus canariensis). Soils are loam Haplustands and Vitrandic haplustepts developed over 0.7-0.01 million-year-old basaltic pyroclasts and lava flows [16] . Mean annual temperature at the nearest climate station (Gaitero: 28 • 23 41 N, 16 • 26 00 W; 1747 m a.s.l.) is 12.1 • C, ranging from 6.8 • C in February and 20.0 • C in August. Mean annual precipitation is 737 mm, varying between 147 mm in dry years and 1527 mm in wet years. On 31 of July 2015 a surface fire affected a relatively small area (5 ha). It consumed or charred the litter and duff, but only scorched the pine canopies and areas where litter and duff were charred, but still recognizable, prevailed. The soil was not strongly affected by the fire and soil burn severity was classified as low-moderate [17] . Ground cover by scorched pine needles increased rapidly from <10% 2 weeks after the fire to >90% 2 months after the fire.
Vilaflor is located between 2025 and 2225 m a.s.l. with vegetation comprising a dense plantation of Canary Island pine (Pinus canariensis). Soils are loam Dystroxerepts and Xerorthents developed over 1.6-0.7 million-year-old phonolitic lava flows [16] . Mean annual temperature at the nearest climate station (Los Topos: 28 • 10 18" N, 16 • 39 05" W, 1831 m a.s.l.) is 13.9 • C, ranging from 8.9 • C in February and 21.9 • C in August. Mean annual precipitation is 297 mm, varying between 51 mm in dry years and 517 mm in wet years. On 10 of June 2015 a wildfire affected a 25-ha area, charring or consuming the forest floor and tree canopies. Fuel consumption was greater here compared to Candelaria, but areas where litter and duff were charred but still recognizable also prevailed, and soil burn severity was classified as low-moderate [17] . Ground cover by pine needles was generally <5% several months after the fire.
Three different treatments were tested. Wood shred mulch from forest thinning operations was tested both at Candelaria and Vilaflor. The mulch was applied at a rate of 14 Mg ha −1 (~0.2-1 cm depth), but unlike in previous studies [4, 5] fine fibers (<2.5 cm) were not removed to test the performance of the mulch when pre-processed in the most cost-effective way. The natural formation of pine needle mulch allowed this material to be tested at Candelaria. An average cover of 4 Mg ha −1 (~3-4 cm depth) had accumulated here, with the litter showing some degree of physical breakdown, decomposition, and interlocking at the time of the rainfall simulations (4 months after the fire). Anionic PAM (Superfloc A-110 Flocculent, manufactured by Kemira Water Solutions BV, The Netherlands) was tested for its performance at Vilaflor. This site was ideal for this purpose as it exhibited extremely water-repellent soil conditions. This PAM was applied manually as granules at a rate of 50 kg ha −1 .
At Candelaria, 15 plots (0.25 m 2 ) were established in planar south-facing slopes of comparable gradient (40-50%) and burn severity (low-moderate). Natural needle cover was removed from 10 plots to generate wood shred and control plots. Thus, wood shreds were manually applied to 5 bare plots and 5 plots were left uncovered as controls. At the remaining 5 plots the natural cover of pine needle litter was left intact (Figure 2 ). At Vilaflor, 12 plots (0.25 m 2 ) were established in planar west-facing slopes of comparable gradient (30-40%) and burn severity (low-moderate). Wood shreds were manually applied to 5 plots and PAM to 3 plots. The remaining 4 plots were left untreated as controls (Figure 2 ). At Candelaria, plots were bounded by a 0.25 m 2 steel frame inserted into the soil to approximately 3 cm in depth to prevent in-and outflow of water from the plot. At Vilaflor, the rock cover did not allow insertion of the metal frame and polyurethane foam and silicone were instead used to build and seal the plot boundaries using the metal frame as mold (Figure 2) . At both sites, the frames had an outlet down slope that was levelled with the soil surface to collect the runoff samples. At Candelaria, 15 plots (0.25 m 2 ) were established in planar south-facing slopes of comparable gradient (40-50%) and burn severity (low-moderate). Natural needle cover was removed from 10 plots to generate wood shred and control plots. Thus, wood shreds were manually applied to 5 bare plots and 5 plots were left uncovered as controls. At the remaining 5 plots the natural cover of pine needle litter was left intact (Figure 2 ). At Vilaflor, 12 plots (0.25 m 2 ) were established in planar westfacing slopes of comparable gradient (30-40%) and burn severity (low-moderate). Wood shreds were manually applied to 5 plots and PAM to 3 plots. The remaining 4 plots were left untreated as controls (Figure 2 ). At Candelaria, plots were bounded by a 0.25 m 2 steel frame inserted into the soil to approximately 3 cm in depth to prevent in-and outflow of water from the plot. At Vilaflor, the rock cover did not allow insertion of the metal frame and polyurethane foam and silicone were instead used to build and seal the plot boundaries using the metal frame as mold (Figure 2) . At both sites, the frames had an outlet down slope that was levelled with the soil surface to collect the runoff samples. 
Measurements
Ground cover was determined from pictures taken to the plots before the simulations and after the treatments were applied. For each 0.25 m 2 plot, ground cover type was determined in a 35-point intercept grid. Cover types comprised bare soil, ash/char, gravel/rock, and litter/mulch.
Rainfall simulations were performed on the plots using a nozzle-type portable rainfall simulator similar to the one described by Cerdà et al. [18] . The rainfall simulator was set at 2 m above the plot and a wind screen was used to reduce the effect of winds on rainfall pattern. The rainfall intensity was set at 55 mm h −1 for 30 min (15-year average recurrence interval for the study area) and measured both outside the plot during each rainfall simulation and into the plot at the end of each run. Samples were taken continuously at the outlet in 500 mL bottles at 5 min intervals or shorter when the bottles were full. Sample volume was measured in the field and then filtered and dried for 48 h in the laboratory to determine the amount of sediment. Time to runoff (min), infiltration and runoff depth (mm), final infiltration and runoff rates when the steady-state was reached (mm h −1 ), total sediment yield (g m −2 h −1 ), and sediment concentration (g L −1 ) were calculated. All the parameters except time to runoff and sediment concentration were corrected for slope angle by calculating the projected horizontal area of the plot. 
Rainfall simulations were performed on the plots using a nozzle-type portable rainfall simulator similar to the one described by Cerdà et al. [18] . The rainfall simulator was set at 2 m above the plot and a wind screen was used to reduce the effect of winds on rainfall pattern. The rainfall intensity was set at 55 mm h −1 for 30 min (15-year average recurrence interval for the study area) and measured both outside the plot during each rainfall simulation and into the plot at the end of each run. Samples were taken continuously at the outlet in 500 mL bottles at 5 min intervals or shorter when the bottles were full. Sample volume was measured in the field and then filtered and dried for 48 h in the laboratory to determine the amount of sediment. Time to runoff (min), infiltration and runoff depth (mm), final infiltration and runoff rates when the steady-state was reached (mm h −1 ), total sediment yield (g m −2 h −1 ), and sediment concentration (g L −1 ) were calculated. All the parameters except time to runoff and sediment concentration were corrected for slope angle by calculating the projected horizontal area of the plot.
Laboratory Analysis
At each site, 5 topsoil samples (0-2 cm) were taken in the proximity of the plots to determine soil properties. Bulk density was measured on an oven-dried weight basis of a 250 cm 3 core sample taken at field-moisture conditions [19] . The samples were air-dried and passed through a 2 mm sieve prior to further analysis. Soil organic carbon (SOC) was determined by dichromate oxidation [20] . Particle-size distribution (particles <2 mm) was determined using the densimeter method [21] . Aggregate stability was measured by wet sieving bulk soil samples in a 0.2 mm mesh according to Bartoli et al. [22] . Water repellency was determined using the Water Drop Penetration Time test (WDPT) [23] .
Statistical Methods
SPSS version 22.0.0 was used for the statistical analysis of the results obtained. Data were analyzed for normality and homogeneity of variance, and transformed using the Box-Cox family of transformations when appropriate (λ = 0 for sediment yield and λ = −1 for sediment delivery). One-way analysis of variance test (ANOVA) was used to evaluate the effectiveness of pine needle mulch and PAM (only applied to one site), and to compare soil properties between sites. Two-way ANOVA was used to test the differences between factors (site and treatment). Tukey's honest significant difference (HSD) post-hoc test was run to define homogenous subsets. A simple main effects test was performed to compare all pairs of levels of one factor for each level of all the other factors. Correlations between ground cover and runoff-erosion parameters were examined by Pearson-r correlation.
Results

Soil Properties and Ground Cover
The study sites exhibited contrasting soil properties, which has implications for their hydrological and erosional responses (Table 1 and Figure 3 ). The mean initial soil moisture immediately prior to rainfall simulations at Candelaria was higher than at Vilaflor (23.3% vs. 7.3%, respectively) (p < 0.001). The proportion of water stable aggregates was higher at Candelaria than Vilaflor (56% vs. 15%, respectively) (p < 0.001). Stone content and bulk density showed lower values at Candelaria (25% vs. 43% and 710 vs. 1044 kg m −3 , respectively) (p = 0.001 and p = 0.011, respectively). While soils at Candelaria were classified as non-water repellent (mean WDPT <1 s), those at Vilaflor were extremely water repellent (mean WDPT >5 h with 20% of the drops remaining longer than 10 h) (p < 0.001). Both soils were classified as loam. Ground cover in the control plots ( Figure 3 ) was lower at Candelaria than Vilaflor (22% vs. 68%) (p < 0.001) due to the significantly higher cover provided by gravel and rock at Vilaflor (6% vs. 55%) (p = 0.005). Other categories of ground cover did not show statistical evidence for a difference between sites for control plots. The application of wood shred mulch and pine needle mulch resulted in lower proportion of bare soil in both sites when compared to control plots (4% and 14% for wood shreds and needles, respectively, at Candelaria, and <1% for wood shreds at Vilaflor) (p < 0.001). Gravel and rock cover did not differ between control and wood shred plots at Vilaflor (p = 0.253).
A visual inspection of the mulch plots at Vilaflor and Candelaria showed that in the former the wood shreds were mainly located between the rocks that covered the soil while those rocks remained uncovered. This layout resulted in a deeper wood shred layer than at Candelaria, where shreds were homogeneously distributed on the plot area. No statistical evidence for a difference was observed between ground cover for wood shred and pine needle treated plots at Candelaria. As expected, the ground cover was not affected in the plots treated with PAM at Vilaflor, which showed similar values to the control plots. A visual inspection of the mulch plots at Vilaflor and Candelaria showed that in the former the wood shreds were mainly located between the rocks that covered the soil while those rocks remained uncovered. This layout resulted in a deeper wood shred layer than at Candelaria, where shreds were homogeneously distributed on the plot area. No statistical evidence for a difference was observed between ground cover for wood shred and pine needle treated plots at Candelaria. As expected, the ground cover was not affected in the plots treated with PAM at Vilaflor, which showed similar values to the control plots. Figure 3 . Mean values of ground cover for the hillslope stabilization treatments evaluated. Different letters in each ground cover type indicate p values lower than 0.05 for differences between treatments for the specific cover types and site. Different numbers in each ground cover type indicate p values lower than 0.05 for differences between sites for the specific treatment and ground cover type.
Runoff and Erosion Response
Differences between Control Plots
The runoff at the control plots started shortly after the rainfall at both sites (2.5 min at Candelaria and 1.6 min at Vilaflor to produce runoff) ( Table 2) . A very distinctive hydrological and erosional response between sites was evident after the runoff started. Final infiltration rate was higher at Candelaria than at Vilaflor (29 vs. 14 mm h −1 ) whereas final runoff rate was lower (26 vs. 41 mm h −1 ), these differences are supported by moderately strong statistical evidence (p = 0.024 and p = 0.017, respectively). The infiltration depth reached 18 mm at Candelaria as compared to lower values of 8 mm at Vilaflor. As a result, significantly higher runoff depth was observed at Vilaflor compared to Candelaria (18 mm vs. 10 mm). Both for infiltration and runoff depths, the statistical tests showed strong evidence for a difference (p < 0.001 in both cases).
Despite the enhanced runoff in control plots of Vilaflor, the sediment concentration in the runoff and the sediment yield showed significantly higher values in control plots of Candelaria as compared to Vilaflor (1.8 vs. 0.4 g L −1 and 28 vs. 12 g m −2 h −1 , respectively). The strength of evidence for a difference between sites was strong for sediment concentration (p = 0.001) and moderate-weak regarding sediment yield (p = 0.045). Mean values of ground cover for the hillslope stabilization treatments evaluated. Different letters in each ground cover type indicate p values lower than 0.05 for differences between treatments for the specific cover types and site. Different numbers in each ground cover type indicate p values lower than 0.05 for differences between sites for the specific treatment and ground cover type.
Runoff and Erosion Response
Differences between Control Plots
Despite the enhanced runoff in control plots of Vilaflor, the sediment concentration in the runoff and the sediment yield showed significantly higher values in control plots of Candelaria as compared to Vilaflor (1.8 vs. 0.4 g L −1 and 28 vs. 12 g m −2 h −1 , respectively). The strength of evidence for a difference between sites was strong for sediment concentration (p = 0.001) and moderate-weak regarding sediment yield (p = 0.045). 
Effectiveness of the Selected Treatments When Compared to Control Plots
At both sites, wood shred plots showed greater infiltration depths (34% at Candelaria and 124% at Vilaflor) (p = 0.023 at Candelaria and p = 0.001 at Vilaflor) and less runoff depth (62% at Candelaria and 44% at Vilaflor) (p = 0.010 at Candelaria and p = 0.002 at Vilaflor) compared to control plots. The final infiltration rate was higher in both sites for wood shred treated plots when compared to the controls (55% at Candelaria and 88% at Vilaflor), although the strength of evidence for a difference was moderate-weak at Candelaria (p = 0.042) and no evidence was found at Vilaflor (p = 0.215). The final runoff rate was lower in the wood mulch plots (62% at Candelaria and 30% at Vilaflor). The strength of evidence for a difference was moderate-weak at Candelaria (p = 0.034) and very weak at Vilaflor (p = 0.165). Wood mulch plots showed larger values of time to runoff (80% at Candelaria and 100% at Vilaflor) although the statistical evidence for difference was very weak due to the high variability of the results (p = 0.105 at Candelaria and p = 0.183 at Vilaflor). Regarding erosion processes, wood shred plots showed lower values of sediment yield when compared to control plots in both sites (92% at Candelaria and 61% at Vilaflor), whereas it only showed lower values of sediment concentration at Candelaria (78%). The strength for those differences was strong at Candelaria (p < 0.001 for sediment yield and p = 0.001 for sediment concentration) and moderate-weak at Vilaflor (p = 0.041).
The needle mulch tested at Candelaria had a similar effect to wood shreds. The infiltration depth and the final infiltration rate were higher in plots with needle cover in comparison to controls (35% and 55%, respectively), whereas runoff depth and final runoff rate were lower (55% and 56%, respectively). The runoff depth showed moderate evidence for difference (p = 0.025), whereas it was moderate-weak for infiltration depth, final infiltration rate, and final runoff rate (p = 0.019, p = 0.041 and p = 0.064, respectively). Time to runoff did not differ between control and plots covered by needles (p = 0.820). The needle cover plots showed less sediment concentration and sediment yield when compared to control plots (64% and 87%, respectively), with moderate-weak evidence for a difference for the former (p = 0.033) and a strong one for the latter (p < 0.001).
Plots treated with PAM, tested only at Vilaflor, showed lower final infiltration rate (62%) and higher values of the sediment concentration and yield (51% and 82%, respectively). However, the evidences for differences were very weak given the high variability of the results obtained for PAM.
Performance of Wood Based Mulch in Contrasting Volcanic Soils
Final infiltration rate and infiltration depth were higher in plots with wood shreds at Candelaria when compared to plots at Vilaflor with the same treatment (78% and 37% higher, respectively). Accordingly, the final runoff rate and runoff depth showed lower values in plots with wood shreds at Candelaria (67% and 64% lower, respectively). The evidence for a difference was strong both for infiltration (p = 0.004 for rate and p = 0.005 for depth) and for runoff parameters (p = 0.003 for rate and p = 0.002 for depth).
Sediment yield was lower in plots with wood shred at Candelaria than at Vilaflor (52% lower) (p = 0.026), although control plots showed the opposite relationship. No major differences in sediment concentration were observed.
Comparison between Treatments
When comparing the performance of wood shreds and pine needles at Candelaria, both treatments showed similar effectiveness. Time to runoff, lower in needle mulch plots, was the only parameter that showed statistical evidence for a difference (57%, p = 0.019).
PAM applied at Vilaflor showed a very distinctive effect on the runoff-erosion processes when compared to wood-based mulch. Values of infiltration depth and final infiltration rate were lower for PAM application when compared to wood shred plots (60% and 80% lower, respectively), with strong evidence for a difference for the former (p < 0.001) and moderate for the latter (p = 0.025). Accordingly, runoff depth and final runoff rate were significantly higher with PAM application (105% and 69%, respectively), with strong evidence for a difference for the former (p < 0.001) and moderate for the latter (p = 0.018). PAM plots also showed higher values of both sediment concentration and yield when compared to wood shred mulch (95% and 371%, respectively), with strong evidence for a significant difference (p = 0.008 and p = 0.003, respectively).
Influence of Ground Cover on Runoff and Erosion
Ground cover (i.e., the proportion of bare soil) was directly related to runoff depth at Vilaflor, sediment concentration and sediment yield (Figure 4 ). Since sediment yield is the product of runoff depth and sediment concentration, sediment yield at Candelaria is more affected by the impact of bare soil in sediment concentration, whereas at Vilaflor the effect of bare soil on runoff is more relevant for affecting sediment yield. 
Discussion
Runoff and Erosion in the Control Plots
Candelaria showed the typical response of a volcanic soil affected by low-moderate soil burn severity [14] . Runoff and interrill erosion values were significantly higher than those reported for undisturbed Andisols [15, 24, 25] , but still considerably lower than those of volcanic soils affected by high soil burn severity [8, 14, 15] or other fire-affected soil types from the Mediterranean area [9, 26, 27] , Northwestern Spain and Portugal [9, 10, 28] , Western USA [4, 5, 8] and Australia [29, 30] . Differences between this study and the previous work listed above can be explain by a number of other factors. For example, the higher porosity and structural stability of volcanic soils in undisturbed conditions [31, 32] , which could still be present to some extent after a low-moderate soil burn severity fire.
Differences regarding site conditions and methods used to evaluate runoff-erosion process could also explain some differences. For example, the soil burn severity in this study was lower than the burn severity described in other studies and, thus, the impact of fire on key hillslope and soil properties that control the soil hydrological and erosional response such as ground cover, aggregate stability or water repellency can also be expected to be lower. The occurrence of a storm event before this study could also have led to some transport of the easily erodible soil and ash particles available at the soil surface after the fire and, thus, to the lower erosion values obtained during the rainfall simulations. The lower erosion values can be also attributed to the lower rainfall intensity and duration used in this study when compared to other studies (55 vs. up to 100 mm h −1 and 30 min here vs. up to 1 h), that results in comparatively less kinetic energy and rainfall erosivity in the current study. Additionally, the larger plots used in some of the previous studies (up to 6 m 2 compared with 0.24 m 2 in this study) could have allowed for the development of other erosion features such as rills that may lead to higher sediment delivery.
Vilaflor, however, showed infiltration values substantially lower than those expected for this soil type and soil burn severity [14] . This response can be related mainly to the reduction of infiltration by: (i) the extreme water repellency of these soils [1] , which prevented the infiltration of 20% of the water drops applied in the WDPT test for more than 10 hours, and; (ii) the reduction of the effective infiltration area due to the high proportion of gravel and stones into the soil profile (up to 50% in weight) [33] .
Enhanced interrill erosion processes were expected in Vilaflor in accordance with their increased runoff and low soil structural stability. However, significantly lower values of sediment yield and sediment concentration in the runoff were obtained when compared to Candelaria. The high stone content and the presence of rills at Vilaflor indicates the high erodibility of this volcanic terrain and the occurrence of severe erosion events in the past. These events could have led to the loss of topsoil and increased rock and gravel cover (reaching 70% in some plots) that currently protects the remaining soil aggregates against detachment and transport [33] . Additionally, the storm that occurred before this study could have partially reduced the availability of easily erodible soil and ash from the topsoil after the fire at Vilaflor. However, the needle cast at Candelaria could have protected the soil surface during the storm, leaving soil aggregates and ash particles intact and ready to be transported by the rainfall simulations.
Treatment Effectiveness
Wood Shreds and Pine Needle Mulches
Both wood shred and pine needle mulches significantly reduced the occurrence and magnitude of runoff and erosion processes at Candelaria. Wood shred mulch also significantly delayed the occurrence of runoff. Although numerous studies have tested and compared different mulch treatments to control erosion in the post-fire period, few have assessed their impact on the soil hydrological response. Where they have done so, authors commonly report slightly lower values of runoff in plots treated with pine needles [8, 26] , wood shreds [4, 5] or straw mulch [4, 28, 34] compared to control plots, although these differences were not significant. However, we know of only two previous studies that demonstrated a significant effect in reducing runoff [6, 35] as determined in the current study. Both studies were carried out in fire-affected areas of Portugal in loamy soils over metamorphic bedrock, which contrasts the volcanic soils examined in the current study.
Three combined processes could explain the delay and reduction of the runoff at the microplot scale observed in this study in the mulched plots: (i) the protection against raindrop impacts; (ii) the increase of water retention capacity, and; (iii) the increase of the effective surface area for infiltration.
The ground cover provided by the mulch protects the soil surface against raindrop impact, preventing aggregate breakdown, subsequent pore clogging, and reduction of infiltration rate and depth. This effect has been widely-reported for different soil types and ecosystem disturbances (see the comprehensive review by Prosdocimi et al. [36] ).
Mulch treatments can also delay runoff occurrence and runoff depth by adsorbing water to the mulch particle surfaces and holding water in the increased surface roughness provided. Robichaud et al. [4] suggest low water retention capacity values for wood shred mulches and, thus, little effect on water holding capacity. However, it is important to bear in mind that, in our wood shred mulch, the fines had not been removed before its application in contrast to the studies of Foltz and Wagenbrenner [5] and Robichaud et al. [4] . We hypothesize that the presence of fines combined with coarse material in the wood shreds used here increases: (i) the soil-mulch contact as suggested by Pannkuk and Robichaud [8] for short pine needles, resulting in higher surface water storage capacity, and; (ii) the water retention capacity of the mulch due to the higher specific surface area provided by the fines in comparison to a coarse-only mulch. Additionally, Pannkuk and Robichaud [8] levelled and compacted the soil surface before the laboratory rainfall simulations, likely affecting the natural surface detention capacity of the soils and the positive impact of the mulch cover in this case.
The extra surface storage capacity provided by the mulch might increase the ponding area and, therefore, activate macropore flow in these newly ponded areas. This process has been previously described by Woods and Balfour [37] for thick ash layers in fire-affected soils. The abundance of macropores in volcanic soils such as Candalaria, suggested by its low bulk density and high aggregate stability, can enhance this process. Mulch treatments can also delay runoff occurrence and runoff depth by adsorbing water to the mulch particle surfaces and holding water in the increased surface roughness provided. Robichaud et al. [4] suggest low water-retention capacity values for wood shred mulches and, thus, little effect on water holding capacity. However, it is important to bear in mind that, in our wood shred mulch, the fines had not been removed before its application in contrast to the studies of Foltz and Wagenbrenner [5] and Robichaud et al. [4] . We hypothesize that the presence of fines combined with coarse material in the wood shreds used here increases: (i) the soil-mulch contact as suggested by Pannkuk and Robichaud [8] for short pine needles, resulting in higher surface water storage capacity, and; (ii) the water retention capacity of the mulch due to the higher specific surface area provided by the fines in comparison to a coarse-only mulch. Additionally, Pannkuk and Robichaud [8] levelled and compacted the soil surface before the laboratory rainfall simulations, likely affecting the natural surface detention capacity of the soils and the positive impact of the mulch cover in this property.
At Vilaflor, significant differences were found regarding infiltration and runoff depths, but not infiltration and runoff rates. We speculate that the substantial gravel and rock cover of these soils, which already protects against raindrop impact and prevents pore clogging, limits the further positive effect of the mulch cover on water infiltration rate. That aside, even if mulch cover maximizes ponding area in these soils, it is likely that their extreme water repellency can limit the potential increase of active macropore flow in these new ponded areas and the infiltration rate.
The results also showed a significant reduction of the sediment yields in mulched plots when compared to control plots at both studied areas. This effect has been previously attributed to the increase of ground cover provided by the wood-based mulch or straw mulch [4] [5] [6] [7] 35 ]. Pannkuk and Robichaud [8] reported poor effectiveness of long pine needle mulch on runoff control and sediment delivery due to the poor mulch-soil contact that prevented sediment trapping. However, our results showed that Canary Island pine needles, even when considered long (20-30 cm) , have a significant effect on erosion reduction at the microplot scale. This is likely due to the natural interlocking and breakdown of the needles in the period between the fire and the rainfall simulations (four months). The resulting tightly packed mixture of different needle sizes can increase mulch-soil contact and enhance sediment trapping.
The decrease in sediment yield was related to a significant reduction in the runoff depth in the treated plots both at Candelaria and Vilaflor. However, only at Candelaria was it also accompanied by a significant reduction in the sediment concentration in the runoff. Raindrop impact can be considered the main cause of particle detachment and source of sediments in the runoff at the microplot scale. This process is reduced by the protection of the soil surface against the impact of raindrops and sediment entrapment provided by the increased cover and roughness of mulch treatments [36] . Accordingly, the results suggest that the large natural ground cover by rocks and gravels at Vilaflor can limit further positive effect of the mulch cover and in sediment concentration in the runoff.
PAM-Treated Soils
In contrast to what might have been expected, some plots treated with PAM showed considerably higher sediment yield and slightly higher runoff rate, runoff depth, and sediment concentration, although the differences were not significant when comparing PAM and control plots. Prats et al. [10] found slightly lower values of runoff, but higher sediment delivery after the application of PAM in water-repellent soils for microplots exposed to natural rainfall. In line with their results on runoff, Davidson et al. [11] reported a significant decrease in soil water repellency after the application of PAM and suggested that PAM molecules could be interacting with hydrophobic coated soil particles that flocculate and open interstitial channels that increase water infiltration. Other studies [9, 27] , however, reported a significant increase in runoff and a decrease in sediment delivery during the first storm after the application of PAM to wettable soils using rainfall simulations. The authors attributed the results regarding erosion to the aggregating effect of PAM and the results on runoff to the reduction of infiltration rate due to the increase in water viscosity when the PAM was dissolved.
Our results show that the application of PAM to an extremely water repellent volcanic soil had no effect on runoff or erosion. This is probably because in this kind of soils the essential interaction between PAM and soil particles to increase aggregation or decrease water repellency is limited to a few preferential pathways where the infiltration takes place and not generally distributed across the soil surface. Lado et al. [27] reported that the reduction in infiltration was reverted in the second and successive simulated rain events due to the enhanced aggregate stability triggered by the interaction of dissolved PAM molecules and soil particles during the infiltration process. It is unclear whether this effect can be expected in an extremely water-repellent soil such as the one examined at Vilaflor due to the limited infiltration and interaction between PAM and soil.
Conclusions and Wider Implications
This study examined the runoff and erosion processes at the microplot scale in two burned areas with contrasting volcanic soils (wettable vs. extremely water repellent) and evaluated the effectiveness of wood shred mulch, pine needle mulch, and PAM in reducing runoff and erosion.
Wood shreds and pine needles showed high effectiveness in reducing runoff and erosion in the non-water repellent soil, likely due to the protection of the soil surface and additional water storage capacity. For the extremely water repellent soil, wood shreds were also effective in reducing fire-induced runoff-erosion risks in this vulnerable terrain type.
The similarly good performance of both treatments suggests that: (i) pine needle mulch can be a suitable alternative to the widely-used wood-based mulches as a hillslope stabilization treatment, and; (ii) that no additional treatment would be needed if a pine needle cast is still present or develops after a forest fire and provides sufficient ground cover. However, further research is needed to evaluate the threshold of ground cover by needle cast needed to provide effective protection against erosion.
Regarding its application as an erosion mitigation treatment, both wood-based and long-leaf needle mulches avoid some of the logistical, ecological and economic drawbacks of agricultural straw mulch including: (i) redistribution by wind due to their higher density; (ii) weed contamination; (iii) transport costs from the source or unavailability, as needles may be available locally and wood shreds can be obtained from burned trees or forest thinning residues [4] [5] [6] [7] 38] . Our results at the microplot scale suggest good performance of wood shreds when fine fibers were not eliminated, thus saving pre-processing time and costs. Additionally, the results suggest that the application rates, and cost, of mulch treatments for particularly stony soils could be lowered due to the natural cover and protection provided by the rocks and gravels. However, further research is needed to evaluate their effectiveness in volcanic soils at coarser scales (i.e., hillslope scales), particularly given the poor effectiveness of long pine needle mulch reported when rill erosion dominates [5] .
The major decrease in runoff depth observed in extremely water-repellent soils treated with wood-shreds suggests that its application should be prioritized in these highly vulnerable scenarios. The application of this treatment could counteract the enhanced runoff response observed in untreated plots and wider evidence from the surrounding terrain that suggests the occurrence of major erosion processes at hillslope and catchment scale with potential damage to infrastructures downhill. Where soils are particularly stony, as was the case at Vilaflor, it is suggested that application rates of mulch treatments for stony soils could be lowered due to the natural cover and protection provided by the rocks and gravels, reducing application costs.
Regarding PAM, our results contrast with most previous observations and suggest instead that its application as granules may have no effect in extremely water-repellent soils. Further evaluation of its performance using alternative application methods that promote the interaction between PAM molecules and soil particles in extremely water-repellent soils is needed.
